To determine the sensitivity and specificity of ultrasonography (US) for detecting renal calculi and to assess the accuracy of US for determining the size of calculi and how this can affect counselling decisions.
Introduction
Ultrasonography (US) is an accessible, relatively inexpensive imaging method that comes without the risks of exposure to ionizing radiation entailed by CT [1] . Stafford et al. [2] reported the ability to detect stones as small as 2 mm using US imaging in a porcine model more than 30 years ago. With an ability to demonstrate radiopaque and radiolucent stones, hydronephrosis, renal inflammation, ruptured fornices, ureteric jets and resistive index, US can provide valuable clinical information. Despite the wider availability of US units and increased bedside utilization [3] , the national usage of US for renal colic had not significantly changed from 2000 to 2008, although the use of CT scans has increased dramatically [4] .
An AUA best practice statement recommends follow-up imaging after endoscopic procedures with US or US/plain abdominal film of kidney, ureter and bladder (KUB) [5] . This allows the treating urologist to counsel patients on any residual fragments, while ruling out the presence of silent obstruction. The relative safety and low cost of US were noted to justify its use in the detection of the relatively rare but serious complications of silent obstruction attributable to residual stones or ureteric stricture formation.
Stone presence and size play a critical role in the counselling of patients [6] . Our specific objective, therefore, was to evaluate the sensitivity of US in detecting stone presence as well as the accuracy in determining stone size, in comparison with the 'gold standard' CT scan.
Materials and Methods

Study Design and Population
The present study was a retrospective review of all patients from 1995 to 2012 who attended our large, urban academic tertiary centre and who had a diagnosis of kidney stone (International Classification of Disease code ICD-9 592.9). We included only those patients who underwent renal US followed by abdominal CT within a 60-day window. All charts were reviewed to ensure spontaneous passage or surgical intervention did not occur in the interval between imaging methods, and such patients were excluded.
Demographic details and indications for imaging were recorded. CT scans were independently reviewed by the investigators to obtain maximum stone diameter, polar location within the kidney, and skin to stone distance. CT scans were reviewed in the coronal and axial planes, and the largest diameter was used. In addition, the presence of hydronephrosis, renal masses, cysts and anatomical abnormalities was recorded. The largest stone was then chosen to be compared with findings from US imaging. As US images were saved at the discretion of the radiologist/US technologist, dictated measures were used for study comparison. Only renal stones were included. If a KUB was performed within 2 days of US for evaluation of nephrolithiasis, stone detection by the radiologist was recorded and, if so, investigators reviewed the KUB to obtain the maximum stone diameter.
Stones were grouped, based on the longest axis diameter, into three categories according to clinical relevance in management: ≤4 mm (where observation would probably be recommended), 5-10 mm (where shockwave lithotripsy would probably be recommended) or >10 mm (where an endoscopic approach would probably be recommended). These groupings were based on previously reported practice patterns [7] . Analyses of sensitivity and specificity for detection of stones on US were calculated using CT as the standard reference.
Statistical Analysis
Descriptive statistics are reported as medians with interquartile ranges (IQRs) or means with standard deviations, and compared using the Wilcoxon signed-rank test because of the paired nature of the measurements. Categorical variables are described with proportions and compared using the chi-squared test. When paired categorical data were compared, such as when the sensitivity of KUB and US were compared with US alone, the McNemar test was used. Multivariable logistic regression was used to identify factors associated with detection of stone on US. Multivariable linear regression was used to identify factors associated with accuracy of stone size, as measured by CT. All results were considered significant at the level of a = 0.05. The statistical software package R (Core development team, v.3) was used for the analyses.
Results
A total of 710 US and CT examinations were initially identified. After excluding patients who had passed their stones, who had undergone surgical intervention in the time between the two imaging methods, or were imaged by CT before the US, 486 patients remained for analysis, comprising 552 US and CT pairs.
Cohort Characteristics
The median (IQR) time from US to CT scan was 11 (5- CT detected a significantly greater number of stones: 299 vs 184 on US (P < 0.001). The median (IQR) stone length on CT was 5 (3-8) mm vs 8 (6-12) mm on US, corresponding to a median overestimation by US of 1 (À0.25 to À4.7) mm (P < 0.001), in patients where both US and CT detected stones.
Sensitivity and Specificity of Ultrasonography
The sensitivity and specificity of US in detecting any stone were 54% (95% CI 48-59) and 91% (95% CI 86-94%), respectively. The sensitivity of US stratified by size category (using sizes measured on CT as the standard) increased with larger stone sizes ( Table 1 ; P < 0.001). There was no correlation between US sensitivity and location of the stone (Table 2 ; P = 0.47). On multivariable analysis, adjusting for the patient's BMI, stone size, and stone location; only stone size remained independently associated with detection of stone on US (P < 0.001). Because of the wide time span of the present study we investigated whether sensitivity and specificity differed between early and late studies using thresholds of before and after 2005. Before 2005, the sensitivity of US was 56% (95% CI 38-73) and specificity 89% (95% CI 74-97). After 2005, the sensitivity was 53% (95% CI 47-59) and specificity 91% (95% CI 86-94). The majority of the studies were performed after 2005 (87%).
Accuracy of Stone Size Measurement and Location
Our analysis showed that US overestimated stone sizes for size groups 0-4 mm and 5-10 mm (P < 0.001). There was no significant difference for stones >10 mm, although US tended to underestimate (P = 0.05; Table 3 ). On multivariable linear regression, no statistically significant association was found between the accuracy of US and BMI or stone location. With regard to location, in particular the lower pole, the CT location was concordant with US location in 67% (95% CI 54-79) of cases.
We also conducted an analysis that included a time variable in the model, dichotomizing to studies carried out before 2005 or after 2005; we found no significant association with accuracy (P = 0.59).
How Stone Size Measurement on Ultrasonography Affects Counselling Decisions
Because stone size measurements affect counselling decisions, we analysed how counselling would be changed based on which imaging method was used. In 3% of cases, US reported a >10 mm stone when there was no stone on CT. By contrast, US did not detect 30% of stones >10 mm, a reflection of its low sensitivity.
To further assess the impact of imaging method, we assumed that, for patients with no stones or stones ≤4 mm, observation would be recommended while for patients with stones ≥5 mm, an intervention would be recommended. Under these assumptions, in a situation where, with the use of CT, observation would have been recommended, the results of US would have recommended an intervention in 14% of patients (95% CI . Conversely, where with the use of CT an intervention would have been recommended, using US, 39% (95% CI 31-47) of those patients would have undergone observation (Table 4) . On average, therefore, 22% (95% CI 18-25) of patients could have been inappropriately counselled by relying on US alone.
We then repeated the analysis, grouping by size categories provided by US. This was to answer the question, given that a stone on US is within a certain size group, what is the probability that performing a CT would change management for that stone. We found that stones classified as 5-10 mm by US had the highest probability (43%) of having the management recommendation changed when a CT was performed (Table 5) .
Plain Abdominal Film of Kidney, Ureter and Bladder and Ultrasonography
Overall, 86 patients (16%) underwent both KUB and US, performed in addition to CT. The sensitivity of KUB and US combined was 78% (95% CI 64-89) and increased with size: 73% (39-94%) for 0-4 mm, 77% (56-91%) for 5-10 mm and 89% (52-99%) for >10 mm. Overall, the addition of KUB US, ultrasonography. *We defined counselling change as going from observation to intervention or intervention to observation. For analysis purposes we assumed that patients with no stones or stones <4 mm will be recommended to undergo observation and patients with stones >5 mm will be recommended an intervention.
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© 2016 The Authors BJU International © 2016 BJU International significantly increased the sensitivity for detecting a stone compared with US alone (P < 0.001). We then compared accuracy of stone measurement from KUB with CT. A total of 31 patients remained who had a stone detected on both KUB and CT. The median (IQR) stone size on KUB was 6 (4.5-9.5) mm and on CT was 7.0 (5.0-10.5) mm. There was no significant difference in measured size between KUB and CT (P = 0.11). If we base counselling decisions on the combination of KUB and US, using the size from KUB when available, 23% (95% CI 13-38) of patients could be inappropriately advised to undergo intervention, while 37% (95% CI 21-55) would be inappropriately counselled to be observed.
Discussion
Accurate detection and measurement of renal calculi is essential for guiding management decisions and clinical decision-making. A non-contrast helical CT has high specificity and sensitivity and is considered to be the gold standard for the diagnosis of kidney stones [8] . To reduce radiation exposure, US is often used in both the initial assessment and follow-up of patients with kidney stones. Several studies comparing US with CT have shown low sensitivity (24-69%) and high specificity (82-90%) for US [9] [10] [11] . A few studies have examined the accuracy of size measurements on US and have found that US tends to lead to an overestimate of the size compared with CT [9, 12] ; however, these studies have been limited by small sample sizes.
In the present large study of~552 CT/US pairs, we found that the sensitivity of US was low, at 54% overall, but increases with larger stone sizes, ranging from 28 to 73%. The specificity of US remains high at 91%. This sensitivity was not significantly affected by location of the stone or the patient's BMI. This is consistent with previously reported data. In a series of 123 US and CT examinations, Fowler et al. [9] found that the sensitivity of US for any calculi was 24%, with a specificity of 90%. Similarly to the present study, the sensitivity of US increased with size, from 13% for stones ≤3.0 mm to 71% for stones >7.0 mm. Ray et al. [12] , in a series of 71 comparisons, found US to overestimate size by a mean of 1.8 mm. Unal et al. [10] found a sensitivity and specificity of 69 and 87% for US when stone confirmation was determined using stone passage, ureteroscopy or retrograde pyelography. Ather et al. [13] report a sensitivity and specificity of 81 and 100% for US in a small series of 34 patients. The accuracy of stone sizes measured on US vs CT likewise varied by size group. In general, US significantly overestimated the stone size for stones of 0-10 mm, with a trend toward underestimating at sizes >10 mm. This again supports findings reported in previous studies. In their series, Fowler et al. [9] found size measurements on US were concordant with CT in 79% of cases and US tended to overestimate by an average of 1.5 AE 0.7 mm. Dunmire et al. [14] showed similar findings using an in vitro water bath model, with a 1.5-2 mm mean overestimation, depending on the type of US device and settings [14] .
Groupings used in this analysis (≤4 mm, 5-10 mm, >10 mm) are common size considerations when counselling patients on stone intervention [7] . While sensitivity, specificity and accuracy of stone size are important considerations; at the patient level, the question to consider is: does it change management? Under these size groupings, we found that, by using US, up to 22% of patients may be counselled differently than if CT was used to confirm stone size. Furthermore, findings from the present study suggest that for the patient who has undergone US, those with stones particularly in the 5-10 mm range, as measured by US, may benefit from follow-up with CT because management can change in 43% of cases within this size group.
Location also plays a role when counselling patients about intervention. A lower pole stone location significantly affects outcomes with shockwave lithotripsy, and may affect outcomes with ureteroscopy [15, 16] . In the present study, the concordance in identifying a lower pole location between US and CT was poor, further confounding the ability to render management recommendations based on US alone.
The addition of KUB has been shown to significantly increase the sensitivity of US, with one study showing a sensitivity of 96% [17] . The addition of KUB increased sensitivity from 54 to 78% across all stones, again with increasing sensitivity for larger stones. Notably, the combination of US and KUB missed 11% of stones >10 mm in size. KUB also showed a better accuracy in stone size measurements compared with US, but with only 31 patients with both a stone on KUB and CT, we may be underpowered to detect a difference. Even with the addition of KUB, approximately a third of patients may be inappropriately counselled for observation, with this primarily driven by the lower sensitivity.
The sensitivity of US in detecting renal stones is low compared with CT. While this improves with increasing stone size, our data suggest that US misses 27% of even largesized stones (>10 mm). There are several reasons for this. To identify a stone on US, there needs to exist a hyperechoic focus with an acoustic shadow. The acoustic shadow can be impaired because of the impedance of intervening tissue or inappropriate selection and balance of the transducer power and focal length [18] . In addition, given the variety of settings and techniques, US is more operator-dependent than CT. An inexperienced operator may not use the ideal settings to pick up the acoustic shadow or may not scan the entire kidney.
The variable accuracy of US reflects the significant variety of equipment, settings, techniques and observer skills used to produce the results. Two common techniques for stone detection, increasing US depth and gain, were found in an in vitro study to overestimate stone size [14] . In the same study, Dunmire et al., found that overestimation of stone sizing could be eliminated using standardized stone detection software [14] . In another study by Dunmire et al. [19] the measurement of stone shadow width as opposed to the stone itself led to significantly more accurate stone measurements [19] . Recently, in a prospective study, detection of stone twinkling using colour Doppler US led to good detection rates of ureteric stones in an emergency room setting [20] . Given the heterogeneity of US techniques, personnel and equipment, it is not surprising that there is variability in the stone sizing relative to the CT scan. While there are techniques available to improve US accuracy, the present study provides valuable insight as it represents the cumulative results across a wide variety of practice patterns in a typical high-volume centre.
This analysis represents the largest reported series of patients comparing both US and CT for stones within the kidney. Shortcomings of this study include its retrospective nature, and the potential for undocumented stone passage/removal or changes in position during follow-up imaging. We attempted to control for this by identifying such events on chart and excluding those patients. In addition, the US measurements of renal calculi were not performed under standardized conditions, as multiple US technicians and radiologists performed the studies. Settings, techniques and experiences among ultrasonographers vary and therefore so do the resulting sensitivity and accuracy of measurements; however, this reflects a real-world clinical setting and the data with which treatment decisions are made. Changes in stone positioning between imaging dates could also affect the measurements being considered. Finally, our analyses of how US vs CT changes counselling rests on the assumption that stones 0-4 mm will be observed and stones ≥5 mm will require an intervention. We realize that the decision to observe or treat a stone depends on more than size alone and as such we may overestimate the change in management rate.
In conclusion, the appeal of the low cost of US, its accessibility, functional assessments and lack of ionizing radiation make it an ideal imaging method for renal pathology. The use of US for guiding management decisions for residual or asymptomatic calculi is limited because of its low sensitivity for smaller stones and its inability to accurately size the stone. As a result, one in five patients may be inappropriately managed when using US alone.
